Abstract The objective of this study was to evaluate 1) whether non single nucleotide polymorphisms-coding (noncSNP) in the apolipoprotein E gene (APOE ) identified by resequencing studies contribute to statistically explaining dyslipidemia if variations in the two cSNPs in exon 4 that define the «2, «3, and «4 alleles are ignored, and 2) whether the contribution of these additional SNPs persists when variations in the cSNPs are considered. We used an ecological, multiple-population, data-mining strategy to identify single-SNP and two-SNP genotypes that distinguish between high and low levels of plasma lipids in three training samples, European-Americans from Rochester, MN, AfricanAmericans from Jackson, MS, and Europeans from North Karelia, Finland. We found that a pair of SNPs located in the 59 region define genotypes A 560 T 832 /A 560 T 832 , A 560 T 832 / A 560 G 832 , and A 560 T 832 /T 560 T 832 , which distinguish between high and low levels of HDL-cholesterol (HDL-C), triglycerides (TG),and/ortotalcholesterol(T-C).The A 560 T 832 /-genotypes predicted high TG and high T-C in both genders in a large independent test sample from Copenhagen, Denmark. Prediction of high T-C in the Danish females was dependent on genotypes defined by the cSNPs. Our study suggests that both regulatory and structural variations should be considered when evaluating the utility of APOE for predicting dyslipidemia in the population at large.-Stengård, J. H., S. L. R. Kardia, S. C. Hamon, R. Frikke-Schmidt, A. TybjaergHansen, V. Salomaa, E. Boerwinkle, and C. F. Sing. Contribution of regulatory and structural variations in APOE to predicting dyslipidemia. Cholesterol accumulation in arterial walls is an important contributing factor in the development of atherosclerotic cardiovascular disease (CVD) (1). Information about the genetic basis of interindividual differences in lipid metabolism is thus expected to be useful in risk assessment, providing clues for the development of nonpharmacological and pharmacological interventions and suggesting population-based disease prevention strategies for CVD (2-5). A plethora of variations in genes involved in lipid metabolism have been characterized (6-10). The statistical evaluation of the contributions of these genomic variations to variation in measures of lipid metabolism and risk of CVD presents one of the most difficult challenges facing CVD research. The biological realities that interactions between gene variations and environmental variations are the primary causes of interindividual differences in lipid metabolism and risk of CVD, and that these interactions are dynamic over the lifetime of the individual, serve as major obstacles for the study of phenotype-genotype relationships (11).
Cholesterol accumulation in arterial walls is an important contributing factor in the development of atherosclerotic cardiovascular disease (CVD) (1) . Information about the genetic basis of interindividual differences in lipid metabolism is thus expected to be useful in risk assessment, providing clues for the development of nonpharmacological and pharmacological interventions and suggesting population-based disease prevention strategies for CVD (2) (3) (4) (5) . A plethora of variations in genes involved in lipid metabolism have been characterized (6) (7) (8) (9) (10) . The statistical evaluation of the contributions of these genomic variations to variation in measures of lipid metabolism and risk of CVD presents one of the most difficult challenges facing CVD research. The biological realities that interactions between gene variations and environmental variations are the primary causes of interindividual differences in lipid metabolism and risk of CVD, and that these interactions are dynamic over the lifetime of the individual, serve as major obstacles for the study of phenotype-genotype relationships (11) .
Studies of the influence of the variation in the gene coding for apolipoprotein E (APOE) on quantitative blood measures of lipid metabolism have demonstrated both context-dependent genotype effects (12) (13) (14) and phenotype-APOE genotype relationships that are less sensitive to contexts indexed by time and space (12, 14, 15) . In the study reported here, we use data collected from three populations that are ethnically and geographically distinct to identify phenotype-APOE genotype relationships that are less sensitive to the influence of genetic and environmental contexts indexed by gender, ethnicity, and geographic location. The utility of the identified phenotype-genotype models is then tested in a sample from a large independent study of a fourth population. We chose this strategy to identify phenotype-APOE genotype relationships that are expected to have the greatest utility in predicting dyslipidemia in the broadest range of contexts.
Apolipoprotein E (apoE) is a structural constituent of many atherogenic lipoprotein particles, such as triglyceride (TG)-rich chylomicrons and HDLs, and is involved in their transport from one tissue or cell type to another (16) (17) (18) . It has three common isoforms, E2, E3, and E4 (19) , which are encoded by three alleles, e2, e3, and e4, defined by two variable sites in exon 4 of APOE. Variation in the blood concentration of total cholesterol (T-C) is commonly associated with this structural variation in apoE (16, 20) . In a study that resequenced 5.5 kb of APOE, including related 59 and 39 flanking regions, we identified 10 public biallelic single-nucleotide polymorphisms (SNPs) that segregate in multiple populations (8, 9) . These SNPs included the two variations in the fourth exon (denoted cSNPs, at positions 3937 and 4075) that encode the differences between the E2, E3, and E4 isoforms. In this study, we ask two questions. 1) Do the eight additional non-cSNP variations identified by resequencing studies contribute to statistically explaining differences between individuals with high and low levels of HDL-C, TG, or T-C if variations in the cSNPs at positions 3937 and 4075 are ignored? 2) Do such contributions persist when variations in the two cSNPs are considered? We chose dichotomous lipid phenotypes as our end points because they are widely used in clinical risk assessment and in public health programs to reduce the health burden of CVD.
We addressed the first of these two questions using an ecological (21) , multiple-population, data-mining strategy to identify SNPs, or pairs of SNPs, of APOE that define genotypes that statistically distinguish between high and low levels of HDL-C, TG, and/or T-C subgroups in a sample of European-Americans from Rochester, MN. Because heterogeneity in the phenotype-genotype relationship across different populations is an important concern to those seeking context-independent predictors of the risk of disease (22, 23) , we then selected only those SNPs, or pairs of SNPs, that define genotypes that distinguish between high and low concentrations of at least two of the three measures of lipid metabolism in both genders in at least one of the two other independent samples collected, in Jackson, MS, and North Karelia, Finland. Our specific questions here are as follows. 1) How many SNPs, and pairs of SNPs, satisfy the proposed selection criteria? 2) What are the locations of the selected SNPs? 3) What are the relative frequencies of the single-SNP alleles and the two-SNP haplotypes defined by selected pairs of SNPs? 4) What are the high-risk and/or low-risk genotypes defined by the selected single SNPs and pairs of SNPs? We then asked whether 1) the hypothesized high-risk genotypes predict low HDL-C, high TG, and/or high T-C and 2) the variations in the 3937 and 4075 cSNP positions are related to the observed discriminative abilities of the proposed phenotype-genotype models using a large populationbased sample of Europeans from Copenhagen, Denmark.
METHODS
We used the National Cholesterol Education Program Expert Panel's recommendations for defining dyslipidemic subgroups (24) . Dyslipidemia was diagnosed when an individual's blood T-C concentration was .200 mg/dl, TG was .150 mg/dl, or HDL-C was ,40 mg/dl.
Our research strategy involved three steps: 1) SNP selection using three independent samples; 2) selection of phenotypegenotype models using the information obtained in the SNP selection procedure with these samples; and 3) evaluation of the utility of the selected models in a fourth independent test sample. In the first SNP selection step, we first used a sample from Rochester to identify single SNPs and pairs of SNPs that defined genotypes that significantly distinguished between highrisk and low-risk subgroups for at least two measures of lipid metabolism in both females and males. The Rochester sample included 854 unrelated individuals (456 females and 398 males) recruited by the Rochester Family Heart Study (25, 26) . The participants in the Rochester sample were requested to fast for 12 h before examination.
For the subset of single SNPs and pairs of SNPs that significantly discriminated between high and low concentrations of two or more traits in both genders in the Rochester sample, we next considered the replication of the selected SNP effects in the Jackson and North Karelia samples as a second criterion for SNP selection. The Jackson sample included 702 unrelated AfricanAmerican individuals (483 females and 219 males) who were part of the ongoing Genetic Epidemiology of Atherosclerosis study (27) . The North Karelia sample included 337 unrelated individuals (188 females and 149 males) who were ascertained by an ongoing prospective study, the population-based FINRISK study (28, 29) . Each participant in the North Karelia sample was measured for three lipid phenotypes twice, once at the baseline survey in 1992 and then in 1995 in connection with a 3 year follow-up examination (28, 30) . To minimize the misclassification of dyslipidemia, we considered only those individuals from North Karelia who had high or low HDL-C, high or low TG, and/or high or low T-C at both the baseline and follow-up surveys. The subset of SNPs, considered singly or in pairs, whose ability to distinguish between high and low concentrations of multiple measures of lipid metabolism replicated in males and females in at least one of these two additional samples was then taken as the final set of selected SNPs. The participants in the Jackson study were requested to fast for 12 h, and the participants of the North Karelia study were requested to fast for 4 h, before examination.
In the second step, we identified the haplotypes and genotypes defined by the selected SNPs that were responsible for the observed statistically significant phenotype-genotype associations observed in the first step and whose effects were replicated in both genders in at least one of the two other independent samples collected in Jackson and North Karelia. In the third and final step, we tested the utility of phenotype-genotype models established in step 2 for predicting low HDL-C, high TG, or high T-C in large population-based samples of females and males collected in Copenhagen. The Danish sample included 9,011 unrelated, native-born, non-Hispanic European individuals (4,947 females and 4,064 males) ascertained without regard to health status in connection with the third examination of the Copenhagen City Heart Study (31, 32) . The participants in the Danish study were not requested to fast before examination. All participants in the Rochester, Jackson, and North Karelia samples gave informed consent, and the Copenhagen City Heart Study was approved by the Danish Ethics Committee for Copenhagen and Frederiksberg (No. 100.2039/91).
Blood HDL-C, TG, and T-C concentrations for the Rochester and Jackson samples were measured at the Mayo Clinic (Rochester, MN) using published methods (20, 33, 34) . The Finnish and Danish samples were measured by standard enzymatic assays (Boehringer Mannheim GmbH Diagnostics, Mannheim, Germany) at the Department of Biochemistry, National Public Health Institute, in Helsinki (28, 35) and at the Department of Clinical Biochemistry, Rigshospitalet, Copenhagen University Hospital (32), respectively. The methods used to genotype the APOE SNPs have been described by Nickerson et al. (9) for the Rochester, Jackson, and North Karelia samples and by FrikkeSchmidt et al. (32) for the Danish sample. The relative frequencies of two-site haplotypes for each population were estimated using an E-M algorithm (36) .
In the first SNP selection step, we used the combinatorial partitioning method (CPM) (37) as a data-mining tool to evaluate the ability of genetic variations defined by one-and two-SNP genotypes to distinguish between high and low concentrations of HDL-C, TG, and T-C in the female and male Rochester samples. This method was developed to identify partitions of genotypes that statistically explain interindividual variation in quantitative trait levels. We modified the CPM for this study to identify partitions of single-and two-SNP genotypes that statistically distinguish dichotomized trait levels. In this modified strategy, we first estimated the prevalence of the trait of interest (e.g., low blood HDL-C concentration) for each genotype in the set of genotypes defined by a particular SNP or pair of SNPs. The genotypes were then ranked according to their prevalence estimates. The ranked genotypes were partitioned into groups, and the prevalence was reestimated for each partition. The utility of each set of partitions for distinguishing between high and low trait levels was evaluated using the contingency Chi-square statistic. For each SNP and each pair of SNPs, this strategy selects the set of partitions that maximized similarities of the prevalences associated with genotypes within partitions and minimized similarities of the prevalences assigned to different partitions of genotypes.
At present, there is no formal, widely accepted, statistical strategy for distinguishing statistically significant results from a single study that are a consequence of "true" biological effects from those that are type I errors (11) . Hence, we used an ad hoc strategy to minimize the possibility that the significant result of a particular CPM analysis is a type I statistical error by selecting only those SNPs, or pairs of SNPs, that define genotypes that distinguish between high and low blood concentrations of at least two measures of lipid metabolism in both females and males, first in the Rochester sample, and subsequently in both female and male samples from Jackson or North Karelia or from both samples.
We next used a second data-mining strategy to identify the single-SNP and/or two-SNP genotype(s) that are most likely responsible for the statistically significant phenotype-genotype associations in the Rochester, Jackson, and North Karelia samples. This involved identifying those genotypes that have a higher prevalence of the trait of interest (e.g., low HDL-C) than the overall prevalence in the gender/population sample being considered. Again, we selected only those genotypes whose higher ranking was consistent across at least five of the six gender/ population samples.
Finally, the utility of the phenotype-genotype models obtained in the two data-mining steps for predicting dyslipidemia was evaluated in the Danish sample using conventional logistic regression analysis (38) . Unless noted otherwise, we considered a nominal a = 0.05 level of probability to be a statistically significant estimate of the relative odds of dyslipidemia.
RESULTS

Description of the Rochester sample
Gender-specific means and variances of age, basic anthropometric characteristics, and the three blood measures of lipid metabolism, HDL-C, TG, and T-C, are given in Table 1 . The average age of the female and male samples was similar (48 years), but the variability in age was significantly greater in females. On average, females were significantly leaner, and they were less frequently dyslipidemic (20, 19 , and 39% for low HDL-C, high TG, and high T-C, respectively) than males (56, 35 , and 47%, respectively). The estimates of interindividual variance of body mass index were significantly greater in females than in males.
Utility of single-SNP genotype variations for distinguishing between high and low HDL-C, TG, and/or T-C in the Rochester sample
The tests of associations between lipid traits and single-SNP genotype variations are summarized in the diagonal cells of Fig. 1 , separately for females and males. Only 1 of the 10 SNPs (5361) defined a single-SNP genotypic variation that distinguished between high and low concentrations of more than one blood measure of lipid metabolism in either gender.
Utility of two-SNP genotype variations for distinguishing between high and low HDL-C, TG, and T-C in the Rochester samples
The tests of associations between lipid traits and two-SNP genotype variations are summarized in the offdiagonal cells of Fig. 1 , separately for females and males. Twelve pairs of SNPs in females (26%; denoted by red, blue, green, or purple in Fig. 1 ) and 23 pairs in males (51%; also denoted by red, blue, green, or purple in Fig. 1 ) defined two-SNP genotype variations that distinguished between high and low concentrations of more than one lipid trait. Of these pairs, only five (560-832, 560-4075, 624-5361, 2440-5361, and 4075-5361; denoted by black boxes in Fig. 1 ) distinguished between high and low trait concentrations in both genders. For each of these pairs, we next considered the replication of the phenotype-genotype association in the Jackson and North Karelia samples as a second criterion for SNP selection.
Utility of selected two-SNP genotype variations for distinguishing between high and low HDL-C, TG, and T-C in the Jackson and North Karelia samples
The tests of associations between the lipid traits and two-SNP genotype variations defined by each of the five selected two-SNP combinations in the Jackson and North Karelia samples are summarized in Table 2 . Four of the Pleiotropic effects of APOE on blood lipidsfive pairs of SNPs (560-832, 560-4075, 2440-5361, and 4075-5361) define two-SNP genotype variations that significantly (P , 0.05) distinguished between high and low concentrations of multiple measures of lipid metabolism in one or more of the four additional gender-and populationspecific samples (denoted by asterisks in Table 2 ). Only one pair (560-832) satisfied the criterion that the discrimination between high and low subgroups is statistically significant in both females and males for two or more traits. This result suggests further investigation of the 560-832 pair to identify the haplotypes and genotypes responsible for the statistically significant phenotype-genotype associations.
Relative frequencies of the two-SNP haplotypes defined by variations in the non-cSNPs at positions 560 and 832
Adenine (A 560 ) and guanine (G 832 ) are the most common nucleic acids at the 560 and 832 sites, respectively, in all three samples ( Table 3) . Estimates of the relative frequencies of these alleles, however, were heterogeneous among the three populations. The relative frequency of the A 560 allele was z20% lower, and that of the G 832 allele 150% higher, in the Jackson sample than in the Rochester and North Karelia samples. The A 560 and G 832 alleles define the most common two-SNP haplotype in all three populations. The A 560 allele together with thymine at the 832 position (T 832 ) define the second most common haplotype in the Rochester and North Karelia samples, whereas in the Jackson sample this haplotype was the least common. The T 560 and G 832 alleles define the second most common two-site haplotype in the Jackson sample.
Identification of the most informative two-SNP genotypes defined by SNPs at positions 560 and 832
Prevalence estimates of low HDL-C, high TG, and high T-C in each of the six gender/population samples are denoted by red lines in Fig. 2A , B, C, respectively. These estimates ranged between 555:1,000 and 29:1,000 for low HDL-C ( Fig. 2A ), between 434:1,000 and 189:1,000 for high TG (Fig. 2B) , and between 881:1,000 and 388:1,000 for high T-C (Fig. 2C) . The test of heterogeneity of the prevalences among the six gender/population samples was statistically significant at P , 0.001 for each of the three lipid traits.
Prevalences of low HDL-C, high TG, and high T-C for each of the observed two-SNP genotypes defined by the 560-832 pair of SNPs are given in Fig. 2A, B, C 
of carriers of the T 560 T 832 and T 560 G 832 haplotypes tended to deviate more from the prevalences of the respective gender/population samples than did prevalences in subsamples of individuals who were either homozygous or heterozygous for the two common haplotypes A 560 T 832 and A 560 G 832 . Rankings of genotype-specific prevalences vary from one lipid trait to another within a particular gender/population sample, as well as from one gender/population sample to another for a particular lipid trait. There are exceptions, however. The prevalence of low HDL-C in the subsample of A 560 T 832 /A 560 T 832 homozygous individuals was higher than the sample prevalence in five of the six gender/population samples. Furthermore, the prevalence of high T-C in this subsample of homozygotes was higher than the sample prevalence in all six gender/population samples. Using a Sign's test (39) , the probability of observing the observed ranking of the A 560 T 832 /A 560 T 832 genotype with respect to the prevalence in each of the gender/population samples, assuming that there is no association between this genotype and prevalence, is 0.109 for five of six rankings and 0.035 for six of six rankings. The prevalences of high TG in the subsample of A 560 T 832 /A 560 G 832 and A 560 T 832 /T 560 T 832 heterozygous individuals was lower than the sample prevalence in five of six gender/population samples, whereas the prevalence of high T-C in subsamples of A 560 T 832 /A 560 G 832 heterozygous individuals was higher than the sample prevalence in five of the six gender/population samples.
In summary, we conclude from the analyses of the Rochester, Jackson, and North Karelia samples that the A 560 T 832 haplotype-containing genotypes are the most informative predictors of dyslipidemia. Individuals who are homozygous for the A 560 T 832 haplotype have an increased risk of low HDL-C that is consistent among samples that differ in gender, ethnicity, and geographic location. A subsample of A 560 T 832 /A 560 T 832 homozygous and A 560 T 832 / A 560 G 832 and A 560 T 832 /T 560 T 832 heterozygous individuals (denoted as A 560 T 832 /-) have a decreased risk of high TG but an increased risk of high T-C. We next tested the utility of these recessive and dominant genetic models in distinguishing between low HDL-C and high TG and T-C, respectively, using data from large population-based samples of females and males collected in Copenhagen.
A test of the utility of the selected two-SNP genotypes in predicting dyslipidemia in large population-based samples of females and males from Copenhagen
The relative odds of low HDL-C and high TG and T-C in those individuals with the hypothesized phenotypegenotype models are given in Table 4 , separately for females and males from Copenhagen. The association of low HDL-C with the A 560 T 832 /A 560 T 832 genotype observed in the Rochester, Jackson, and North Karelia samples tended to survive further testing in the Danish samples. The estimated odds of low HDL-C were higher in A 560 T 832 / A 560 T 832 homozygous females and males than in carriers of other genotypes [odds ratios (ORs) 5 1.46 for females and 1.10 for males]. This observed increase was statistically significant in females but not in males. Similarly, associations between the two other measures of dyslipidemia, high TG and high T-C, and the A 560 T 832 /-genotypes tended to replicate in the Danish sample. The estimated odds of high TG were reduced, and odds of high T-C were increased, in individuals in the group with the A 560 T 832 /-genotypes compared with odds for the group with the other genotypes (ORs 5 0.92 and 1.21 for high TG and high T-C, respectively, in females and 0.85 and 1.18 for high TG and high T-C, respectively, in males). All but one of these four ORs was statistically significant. The lower prevalence of high TG for the group with the A 560 T 832 /-genotypes was not significant in females.
Genotypes defined by the two cSNPs were statistically significant predictors of high T-C and high TG in both genders and of low HDL-C in females only. There was no evidence of a statistically significant interaction between the effects of the group of A 560 T 832 /-genotypes and the Fig. 2 . A: Overall and genotype-specific prevalences of low HDL-C level, separately for each of the six gender/population strata. The prevalence for the AT/AT genotype is higher than the overall prevalence in five of six gender/population samples (P 5 0.109). The genotypes are labeled according to the nucleic acids determined by the alleles of the 560 and 832 SNPs. B: Overall and genotype-specific prevalences of high TG level, separately for each of the six gender/population strata. The prevalence for both the AT/AG and AT/TT genotypes was lower than the overall prevalence in five of six gender/population samples (P 5 0.109). The genotypes are labeled according to the nucleic acids determined by the alleles of the 560 and 832 SNPs. C: Overall and genotype-specific prevalences of high T-C level, separately for each of the six gender/population strata. The prevalence for the AT/AT genotype was higher than the overall prevalence in all six gender/population samples (P 5 0.035). The prevalence for the AT/AG genotype was higher than the overall prevalence in five of the six gender/population samples (P 5 0.109). The genotypes are labeled according to the nucleic acids determined by the alleles of the 560 and 832 SNPs.
Pleiotropic effects of APOE on blood lipidseffects of genotypes defined by variations in the two cSNPs 3937 and 4075 in predicting low HDL-C and high TG (Table 4 ). The ORs for low HDL-C and high TG when the two cSNPs are ignored were in the same range as the adjusted ORs estimated when the two cSNPs are included in the prediction model. There was a statistically significant interaction between the effect of the group of A 560 T 832 /-genotypes and the genotypes defined by variations in the two cSNPs in the prediction of high T-C in females ( Tables 4, 5 ). The estimated OR for high T-C is significantly higher (1.24; 95% confidence interval 5 1.00-1.53) for the e4 allele-carrying females in the A 560 T 832 /-genotypes group and significantly lower (0.78; 95% confidence interval 5 0.64-0.94) for the e3/3 group of females compared with females with the e3/3 genotype who did not have the A 560 T 832 /-genotypes. The group with the A 560 T 832 /-genotypes was not identified as a statistically significant predictor of high T-C in males when variations in the two exon 4 cSNPS were included in the prediction model.
DISCUSSION
An alternative research strategy
A commonly used strategy for identifying genetic variations that are predictors of phenotypic variation is to collect a large representative sample from a particular population, use statistical summaries to test phenotypegenotype hypotheses, and turn to Baconian induction to infer the generality of genetic effects (40) (41) (42) . An integral part of such a strategy is that a statistically significant, empirically derived hypothesis must survive further testing in other studies of other samples to become a universal "truth" (42) . The expectation is that the surviving hypothesis can then be used to predict future events in any population (43) . Genetic analyses of phenotypes that have a complex multifactorial etiology, such as dyslipidemia, challenge this induction/deduction paradigm because it ignores the possibility that the hypothesis generated is dependent on the context of the population studied. The predictions of the proposed hypothesis simply may not survive further testing because of the heterogeneity of the phenotype-genotype relationship among populations or the lack of statistical power associated with small samples. As likely is the possibility that it may not survive further testing in any population because a hypothesis derived from the study of only one population may be a type I error (11) . We suggest here an alternative strategy to this induction/deduction paradigm that reduces the possibility that the initial hypothesis is a type I error by applying an ecological data-mining strategy to samples collected from multiple populations to generate a hypothesis that is expected to be less sensitive to context. This multiple-population data-mining strategy sorts out those hypothesized phenotype-genotype relationships that are less likely to be type I errors and more likely to be of utility in unstudied populations that differ for genetic and environmental contexts indexed by gender, ethnicity, and geographic locations. Although this strategy increases the likelihood that a particular genetic variation may have utility in predicting phenotypic variation in an unstudied population, we emphasize that the predictive utility realized in independent samples of Danish females and males must be reevaluated anew in subsequent populations of interest because of the anticipated role of context dependence in the etiology of measures of lipid metabolism. We discuss below 1) the limitations of this research strategy for modeling the genetic architecture of measures of lipid metabolism; 2) the relationship between phenotypic variation in lipid traits and variation in APOE identified by this strategy; 3) how the proposed phenotype-genotype model reflects current knowledge about the biology of APOE and lipid metabolism at the cellular level; and 4) how this phenotype-genotype model can be used in medical practice and/or public health programs in a particular population of interest.
Limitations of the research strategy for characterizing the genetic architecture of lipid and lipoprotein traits
The genetic architecture of a complex trait is a function of the relative frequencies of genotypes (genetic structure) and phenotype-genotype relationships. The SNPs, genotypes, and phenotype-genotype models identified by an ecological data-mining strategy may not be the best choices for predicting variation in lipid traits in any one of the three populations considered, or in any other particular population, because this approach considers only the public genetic variations that are shared by all pop- c Adjusted for variation in the two cSNPs 3937 and 4075, grouped as follows: (e2/2, e3/2), (e4/2, e4/3, e4/4), and e3/3.
d Relative odds dependent upon variation in the two cSNPs 3937 and 4075, grouped as follows: (e2/2, e3/2), (e4/2, e4/3, e4/4), and e3/3, as presented in Table 5 . The 59 genotypes defined by the 560 and 832 SNPs are labeled according to the nucleic acids determined by the SNP alleles.
ulations (8, 9) . Furthermore, there is significant heterogeneity in the relative frequencies of the alleles at the 10 public SNPs among these three populations (14) . A research strategy that ignores the microdifferentiation of the relative allele frequencies that results in heterogeneity of the genetic structure among human populations may underestimate the contribution of variation in a candidate gene to variation in intermediate biochemical and physiological traits and, ultimately, to the risk assessment of correlated disease end points in any particular population. Hence, using an ecological datamining strategy, one forgoes the search for the best genetic predictors in any particular population to identify a model that is less likely to be a false-positive (type I) statistical error and is expected to have greater general applicability across the populations of interest.
There are several shortcomings of the ecological datamining strategy for modeling the biological relationships between phenotype and genotype. Statistical models that have general applicability across populations cannot be expected to capture the biological complexities of the connections known to be involved. The role of populationspecific gene-gene and gene-environment interactions and population-specific age-dependent exposures to specific environmental agents can only be studied on a population-by-population basis. More importantly, in common with all association studies, most single-gene effects on the phenotype of interest in a particular population cannot be estimated because 1) they are too small to measure; 2) they cannot be accurately estimated; 3) they are confounded with the effects of unmeasured genetic and/or environmental agents (44) and/or even chance (45); 4) the effects are inseparable from the effects of closely linked gene variations; and 5) the complexities of the cause-and-effect connections through the intermediate pathways to the phenotype result in no detectable association between phenotype and genotype (11, 46, 47) . In addition, genetic influences are distributed throughout multiple intermediate pathways that lead to the dyslipidemia phenotype. A linear statistical model cannot capture the nonlinear processing of genetic effects through the pathways that connect genotype with phenotype. Such impenetrable features introduce uncertainty into the application of any strategy for modeling genetic predictors of phenotypes that have a complex multifactorial etiology.
Lipid phenotype-APOE genotype statistical models
Most association studies have focused on the phenotypic effects of variations in the cSNPs located at positions 3937 and 4075 in exon 4 of APOE that determine the e2, e3, and e4 alleles. Increased T-C has been repeatedly associated with carriers of the e4 allele (14, 16, 20) . Some population-based studies have also reported that e4 carriers are at increased risk for CVD (48) . In contrast, only a few studies have reported pleiotropic effects of the six genotypes determined by the cSNPs at positions 3937 and 4075 on HDL-C and TG (13, 32, 37, 49) . The percentage of interindividual variation in HDL-C explained by these genotypes in a sample of Danish females is relatively small and depends on age (32) . Consistent with this finding, the six APOE genotypes defined by the two exon 4 cSNPs were not identified as being associated with higher or lower risk of dyslipidemia in the Rochester sample. In contrast, the three genotypes defined by the SNPs at 59 positions 560 and 832 (A 560 T 832 / A 560 T 832 , A 560 T 832 /A 560 G 832, and A 560 T 832 /T 560 T 832 ) were repeatedly associated with low HDL-C, high TG, and/or high T-C across contexts defined by gender, ethnicity, and/ or area of residence. These statistical findings suggest that the 59 regulatory region of APOE has a larger domain of biological functionality than the nonsynonymous variations in exon 4. We return below to discussing the possible biological basis for this statistical finding.
The statistically significant associations between the three measures of dyslipidemia and the three genotypes in the test samples of Danish females and males are consistent with the hypothesis that variation in the 59 promoter region of APOE has pleiotropic effects on lipid metabolism. This finding is also consistent with an earlier observation reported in young and middle-aged Danish females by Frikke-Schmidt et al. (32) that combining SNP variations in the 59 promoter region and in the exon 4 structural region doubled the estimated proportions of HDL-C variation that could be statistically explained compared with the proportion explained by the six exon 4 genotypes considered separately.
The biological reality that structural variation in exon 4 of APOE has an important role in lipid and lipoprotein metabolism (16) (17) (18) raises the question of whether the observed abilities of the 59 genotypes to distinguish between high and low HDL-C, TG, or T-C are attributable to the effects of variation in the 59 promoter region or to an association attributable to linkage disequilibrium (LD) with the structural variation in exon 4. Frikke-Schmidt et al. (32) reported statistically significant pair-wise LD between SNPs in the 59 promoter region and in the exon 4 structural region in the Danish sample. However, the magnitudes of the relevant LD estimates were low. The r 2 measure of LD ranged from 0.023 to 0.079 for the 560-4075 and 832-4075 pairs of SNPs, respectively. It is unlikely that such weak pair-wise LD between these two regions could be responsible for the association of measures of lipid metabolism with particular 59 genotypes observed here. The statistical independence of the 59 genetic effects is consistent with our observations that low HDL-C, or high TG, was significantly associated with particular 59 genotypes in three of the four analyses that included the exon 4 variation. The small role of LD is further supported by a statistically significant interaction between the effects of 59 genotypic variation and the exon 4 structural variation in predicting high T-C in females.
Biological inferences from phenotype-genotype statistical models
Population genetic analyses (8, 50) and experimental laboratory studies (51) (52) (53) (54) provide an evolutionary and molecular basis for interpreting the statistical association between the three measures of dyslipidemia and the 59 promoter region. Fullerton et al. (8) and Templeton et al. (50) have demonstrated that multisite APOE haplotypes fall into four major lineages, or clades, that correspond to variation in the three structural isoforms defined by variations in the two cSNPs in exon 4. The E2 and E4 isoforms are associated with haplotypes that group into two phylogenetically distinct lineages, whereas the haplotypes that code the E3 isoform fall into two separate phylogenetically distinct clades (8, 50) . Variation in blood T-C level is associated with the structural variations in APOE that code the three isoforms of the apoE molecule (16, 20) . Variation in the 560 and 832 sites divides the four clades into two groups of haplotypes. The first group includes one of the clades that codes the E3 isoform and the clade that codes the E4 isoform. Sixty percent of the APOE haplotypes are included in these two clades. Haplotypes in this grouping of clades have an A at position 560 and a T at position 832, whereas none of the haplotypes falling into the second clade that codes the E3 isoform and the clade that codes the E2 isoform have this pair of bases at the 560 and 832 sites. These 59 sites subdivide the haplotypes that code the E3 structural isoform into those having decreased risk of high TG (Table 4) , similar to the effects of haplotypes coding the E4 isoform, and those that have increased risk of high TG, similar to the effects of haplotypes coding the E2 isoform. The separate functional effects of the 59 regulatory and exon 4 structural variations on lipid metabolism are further suggested by the statistical evidence for interaction of the effects of these two regions in predicting increased risk of high T-C in Danish females (Tables 4, 5 ). The 59 variations subdivide the individuals bearing the E4 isoform into a high-risk group that carry the A 560 T 832 haplotype and a group of individuals whose risk of high T-C is similar to that estimated for the group of individuals homozygous for the allele coding the E3 isoform. In summary, our statistical analyses suggest that mutational changes in the 59 region of APOE have separate effects on lipid levels that modify the effects of the nonsynonymous changes in exon 4 that determine structural variations in the apoE molecule. This conclusion would not be possible using only the two 59 SNPs, 560 and 832, to tag variation (55) in the four most common haplotype variations reported by Fullerton et al. (8) , because the majority of these haplotypes fall within the E3 isoform group. Similarly, this conclusion would not be possible by measuring only the two cSNPs, 3937 and 4075, to tag the variation in the three common two-site e2, e3, and e4 haplotypes that define the structural variation of the apoE molecule, because they do not capture the functional variation among haplotypes that code the E3 isoform.
Artiga et al. (51) have found that variations in the 560 and 832 positions are associated with a significant heterogeneity in promoter activity in cell cultures. The A 560 T 832 haplotype is associated with z60% lower promoter activity than the A 560 G 832 haplotype. Heterogeneity in APOE expression in vitro has been associated with heterogeneity in promoter activity (52) . Endogenously synthesized apoE is important for cholesterol efflux from macrophages, which plays an essential role in lipid metabolism and the development of atherosclerosis (53, 54) . Through its activity in macrophages, heterogeneity in 59 promoter activity and expression of APOE may cause heterogeneity in reverse cholesterol transport, one of the main functions of HDL-C particles, which may result in pleiotropic effects on multiple lipid traits that are not a consequence of the structural changes in the apoE protein determined by variations in exon 4, which are primarily involved in binding by hepatic receptors of circulating atherogenic lipoprotein particles (16) (17) (18) .
Applicability to clinics and public health
Knowledge that variation in a gene explains a statistically significant fraction of interindividual variation in a trait of interest highlights its pathogenetic involvement but may have limited usefulness in medical practice. Medical decisions follow from consideration of measures of health that are naturally dichotomous, or are dichotomized according to consensus statements that are based on interpretations of research findings, which is the case for the high-risk and low-risk categories defined by the National Cholesterol Education Program Expert Panel (24) . The relevant question is how much greater, or smaller, is the prevalence of the discrete end point outcome in carriers of the proposed high-risk or low-risk genetic, or nongenetic, factor compared with the prevalence in the background population ignoring the risk factor information? The answer to this question is critically important in the evaluation of the medical utility of a hypothesized predictor in a particular population (56) . Here, we used an ecological database-mining strategy and analyses of dichotomous end points to estimate genotypespecific probabilities of the end points of interest that are consistent with the needs of physicians and public health decision-makers. We found that variation in the 59 promoter region of APOE has significant pleiotropic effects on multiple measures of lipid metabolism in three different populations. Three candidate high-risk 59 genotypes identified subgroups of individuals at increased risk of low HDL-C, high TG, or high T-C in a fourth independently ascertained Danish population. As expected for a trait that has a complex multifactorial etiology, the increase in odds of the high-risk lipid classification in the carriers of high-risk genotypes, compared with the odds in individuals who do not carry the proposed high-risk genotypes, was modest (e.g., the odds of low HDL-C was 1.4 times higher in A 560 T 832 /A 560 T 832 phenotype-carrying females than in other females). Similarly, the genotype-specific prevalences of low HDL-C, high TG, and high T-C did not differ markedly from the prevalences in the Danish population at large when genotype information is ignored. For instance, the prevalence of low HDL-C in Danish females who carry the A 560 T 832 /A 560 T 832 genotype is 0.073, compared with 0.055 in the overall sample. Such a small difference is constent with the small contribution of single-gene variation to the etiology of the lipid traits in the population at large and argues that the identified high-risk genotypes are of limited value in medicine and public health in predicting dyslipidemia in the Danish population. Larger differences in prevalences might be expected in particular contexts defined by other genetic and environmental risk factors, in which case there would be fewer individuals considered to be at higher risk.
Conclusions
We used an ecological, multiple-population, datamining strategy to identify variations in two SNPs in the 59 promoter region of APOE that define genotype variations that distinguish between high and low HDL-C, TG, and/or T-C. These findings suggest that APOE has variations, not considered by the huge number of studies that have measured only the 3097 and 4075 cSNP variations in exon 4, that may be important in predicting dyslipidemia and, ultimately, the age of onset, progression, and severity of atherosclerotic disease. The evaluation of the hypothesized high-risk genotypes for predicting dyslipidemia in large population-based samples of females and males collected from Copenhagen established that prediction of low HDL-C or high TG is independent of whether variation in the two cSNPs is considered in the prediction model. The ability of these high-risk genotypes to predict high T-C was dependent on gender and the genotype defined by variation in the two cSNPs. Because of the role of context in the etiology of measures of lipid metabolism, the utility of the hypothesized high-risk genotypes for predicting dyslipidemia and related disease end points in other populations remains to be elucidated.
